Introduction {#s1}
============

Obstructive nephropathy is known to be a chemically induced renal lesion caused by crystals formed in the renal tubules^[@r1]^. We found this nephropathy in F344 rats treated with up to 2.0% DL-potassium hydrogen tartrate (PHT) in a 13-week oral repeated dose toxicity study.

PHT is registered as a food additive that is used as a flavor enhancer, a pH regulator and a leavening agent in Japan. It forms colorless crystals or a white crystalline powder, and the taste of its acid solution is cool and sour. The chemical is supplied as a mixture containing equivalent amount of D- and L- plus small amount of meso-tartaric acids. Although there are no toxicity studies in accordance with current test guidelines authorized by national/international organizations, previous studies indicated some evidence of renal toxicity caused by PHT ^[@r2],[@r3],[@r4],[@r5]^. Therefore, to provide general toxicity information especially focusing on the renal toxicity of PHT, we conducted a 13-week oral repeated dose toxicity study of PHT in rats.

Materials and Methods {#s2}
=====================

In this 13-week oral repeated dose toxicity study, six-week-old male and female F344/DuCrj rats (Charles River Laboratories Japan, Inc., Atsugi, Japan) randomly divided into 4 groups consisting of 10 males and 10 females were given 0% (control), 0.125%, 0.5%, and 2.0% PHT (Hangzhou Jin Tian Chemical Co., Ltd., Shanghai, PR China) in basal powdered diet for 13 weeks. PHT was supplied by the Japan Food Additive Association (Tokyo, Japan) and was mixed well with powdered basal diet, CRF-1 (Oriental Yeast Co., Tokyo, Japan), at each concentration. The doses of PHT in the present study were based on a dose-setting study previously performed. In the dose-setting study, 0% (control), 0.05%, 0.2%, 1.0% and 5.0% PHT were administered to 5 rats/group/sex for 4 weeks, and 5.0% PHT induced renal damage indicating severe obstructive nephropathy as well as significant increases in kidney weight and BUN in both sexes. Therefore, 2.0%, between 1.0% and 5.0%, was selected as the highest dose for the 13-week study. The test diet was available *ad libitum*, except for a one-night fasting period prior to scheduled sacrifice. The animals were checked daily for clinical signs and mortality, and body weights and food intake were measured every week during the study period. For urinalysis, fresh urine was collected from all animals at weeks 4 and 13 and was checked using test strips (Uropaper III *Eiken*, Eiken Chemical Co., LTD., Tochigi, Japan). Additionally, 20-hour urine samples from all males were collected using metabolic cages (Natsume Seisakusyo Co., Ltd., Tokyo Japan) at week 11 to quantitate tartaric acid. At the end of the study, all of the animals fasted for 17 hours and were then weighed and anesthetized with isoflurane, and blood samples were then collected from the abdominal aorta for hematology and serum biochemistry. Animals were then sacrificed by exsanguination from the abdominal aorta. The animal study protocol was reviewed and approved by the Animal Care and Use Committee of the National Institute of Health Sciences, Japan. Hematological examinations including differential leukocyte and reticulocyte counts, serum biochemistry, quantitative analysis of tartaric acid in urine and histopathological examination were performed, in accordance with the Guidelines for Designation of Food Additives and for Revision of Standards for Use of Food Additives notified by the Ministry of Health, Labour and Welfare Japan. Variance in the data for body weight, hematology, serum biochemistry, tartaric acid concentration in the urine, and organ weights (both absolute and relative weights) was checked for homogeneity by Bartlett's procedure. If the variance was homogeneous, the data were assessed by the Dunnett's multiple comparison test. If not, the Steel's multiple comparison test was applied. In the analysis of histopathological changes including the detailed evaluation of the kidneys, incidences were compared using the Fisher's exact probability test, and severity was analyzed with the Mann--Whitney's U-test. Statistically significant differences (compared with controls) yielding p-values less than 0.05 or 0.01 are indicated with asterisks in the tables (\*p\<0.05; \*\*p\<0.01).

Results {#s3}
=======

No animals died or were euthanized when moribund during the treatment period. No treated-related clinical signs were observed. Mean body weight and food intake in all treated groups were comparable to those in the control group during the treatment period. However, the mean final body weight after fasting was significantly but slightly decreased (4.5%) in the male 2.0% group, compared with the control group ([Table 3](#tbl_003){ref-type="table"}). At the necropsy, cystic enlargement in 1 male and a ball-shaped enlargement in 1 female were macroscopically observed in the unilateral kidney of the 2.0% groups. Other findings in the kidneys were not detected macroscopically. Detailed histopathological findings in the kidneys are summarized in [Table 1](#tbl_001){ref-type="table"}Table 1.Histopathological Findings in the Kidneys of F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks. In the 2.0% groups, focal or multifocal irregular dilation of the distal tubule was found in the cortex or medulla in both sexes ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Histopathological findings in the kidneys of F344 rats treated with PHT for 13 weeks. (A) Irregularly shaped lumen of the distal tubule, (B) foreign body giant cell (asterisk) with irregularly shaped phagocytic material, (C) foreign body giant cell (arrowhead) with irregular shaped phagocytic material, inflammation, and tubular regeneration in the surrounding tissue. Bars = 50 μm.). In the same groups, foreign body giant cells with irregular phagocytic vacuoles (an asterisk in [Fig. 1B](#fig_001){ref-type="fig"}) accumulated in the renal cortex or medulla. In more severe cases of the 2.0% groups, inflammatory cell infiltration and regeneration of renal tubules around the foreign body giant cells were found focally or multifocally and surrounded the damaged tubules ([Fig. 1C](#fig_001){ref-type="fig"}). In 1 male of the 2.0% group exhibiting cystic enlargement in the unilateral kidney at necropsy, severe expansion in the renal pelvis compressed the remaining renal parenchyma, and inflammation, regeneration of renal tubules, and foreign body giant cells were evident and more severe than those in other animals. In the contralateral kidney of this male animal, multifocal lesions including inflammation with foreign body giant cells and regeneration of renal tubules were observed in the cortex, and several foreign body giant cells were also seen in the tip of the renal papilla. In the same animal affected with severe renal lesions, diffuse hyperplasia of the transitional epithelium was detected in the urinary bladder. In 1 female of the 2.0% group, a nephroblastoma was found as a ball-shaped kidney. Distal tubules with an irregular lumen, inflammation with foreign body giant cells, and regeneration of renal tubules were distinctly observed in both kidneys of this female animal compared with other animals in the same group.

In the 0.5% groups, irregularly dilated distal tubules and foreign body giant cells were focally seen in the cortex or medulla in 1 female and 1 male, respectively. The incidence and multiplicity of these findings in the 0.5% group were less than in the 2.0% groups. As for other lesions, mild regeneration of the proximal tubules, mineralization, and mononuclear cell infiltration were observed in all of the groups including controls, and, there were no significant differences in the incidences of these lesions between the controls and treated groups in both sexes.

From the urinalysis using test strips, a decreasing trend in pH for the male 2.0% group and an increasing trend in protein for the 0.5% and higher female dosage groups were observed at week 4 ([Table 2](#tbl_002){ref-type="table"}Table 2.Urinalysis Data and Tartaric Acid Concentration in the Urine at Weeks 4 and 13 in F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT)). At week 13, an increase in protein and white blood cells in urine was detected for the 0.5% and higher PHT dosage groups of both sexes. In the quantitative analysis of tartaric acid in urine for males at week 11, the concentration of tartaric acid significantly increased in a dose-dependent manner for the 0.5% and higher PHT doses ([Table 2](#tbl_002){ref-type="table"}). As for other changes related to the kidneys ([Table 3](#tbl_003){ref-type="table"}Table 3.Final Body and Kidney Weights and Serum Biochemical Data of F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks), a significant increase in kidney weight (relative in males and both absolute and relative in females) was observed in the 2.0% groups of both sexes. In the serum biochemistry, renal damage markers such as BUN and CRN did not increase as result of PHT treatment. The levels of CRN at the 0.5% and higher doses in females and at 2.0% in males significantly decreased, but this might have been incidencial.

There were no other treatment-related changes in hematological and serum biochemistry parameters or the results of histopathological examination in the organs except for the kidneys for the treated rats of both sexes ([Table 4](#tbl_004){ref-type="table"}Table 4.Hematological Data of F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks, [5](#tbl_005){ref-type="table"}Table 5.Serum Biochemical Data of F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks, [6](#tbl_006){ref-type="table"}Table 6.Relative Organ Weights of F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks, [7](#tbl_007){ref-type="table"}Table 7.Other Histopathological Findings in F344 Rats Treated with DL-Potassium Hydrogen Tartrate (PHT) for 13 Weeks).

Discussion {#s4}
==========

Internationally, risk assessment for tartaric acid and its potassium or sodium salt was performed by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (http://www.inchem.org/documents/jecfa/jecmono/v12je03.htm) in 1977. Some reports suggest that the kidney is the target of toxicity from tartaric acid and related chemicals in humans and animals. According to these reports, intravenous treatment with 0.2--0.3 g of tartaric acid caused renal disorder in rabbits and rats^[@r2],[@r3]^. In humans, accidental intake of a large amount (30 g) of tartaric acid was lethal due to tubular nephropathy^[@r4]^. Moreover, 2.73 g/kg/day monosodium DL-tartrate was found to be accumulated in rat kidneys, resulting in increased kidney weight, renal toxicity, and death^[@r5]^. However, detailed histopathology of the kidneys was not described in these reports.

PHT treatment clearly induced obstructive nephropathy in both the preliminary and present studies. The irregularly shaped lumen in the distal tubules might be due to obstruction from crystals related to PHT, which might form in the process of urine concentration at the distal tubules. The crystals formed in the distal tubules could damage the epithelium of the tubules, allowing the PHT to leak from the collapsed tubules and be incorporated by inflammatory reactions including in the giant cells. In the present study, the crystals of PHT or its metabolites could not be detected in the kidney sections; however, the crystals might have dissolved during tissue section preparation. The urinalysis data for WBCs and protein indicating damage of the renal tubules, acidification of urine, and an increase in kidney weight in the 2.0% groups were considered PHT-related changes. In the 0.5% groups, although treatment-related changes in body and kidney weights, serum BUN, and CRN were not observed, obstructive nephropathy was found in 1 female and 2 males, indicating that microscopic examination is highly sensitive for detection of obstructive nephropathy, and based on the microscopic findings, 0.5% PHT is deemed the toxic dose due to the significant renal changes. The mean concentration of renal damage markers such as BUN and CRN in the 0.5% groups were not affected by PHT treatment because only one animal of each sex showed nephropathy and the severity of the lesion was minimal.

In the 2.0% groups, hydronephrosis and nephroblastoma were observed in 1 male and 1 female, respectively. Hydronephrosis is often observed in young rats as a hereditary disease, which usually affects the right kidney,^[@r6]^ and is also caused by stones blocking the renal pelvis, ureter, and bladder. No crystals of PHT were detected in the urinary tract, and hydronephrosis was observed in the unilateral (right kidney) of the corresponding animal in the present study, indicating that the lesion in the present study was spontaneous. Nephroblastoma is known to be a spontaneous tumor in young rats^[@r7],[@r8],[@r9]^. No preneoplastic lesions were observed in the present study. Therefore, the 1 nephroblastoma in the female 2.0% group is considered to be spontaneous and not treatment-related. The obstructive nephropathy was more intense in the remaining parenchyma in the kidneys affected with hydronephrosis or nephroblastoma than in other animals in the same groups because of the decrease of its normal parenchyma. Diffuse hyperplasia in the urinary bladder of the animal exhibiting hydronephrosis might be related to physical stimulation by crystals from the kidneys.

The concentration of tartaric acid significantly increased in the urine of males at doses greater than 0.5%. This result indicates that PHT might be excreted into urine, similar to other tartaric acids. It was reported that about 68% of L(+)-tartaric acid or 70% of sodium tartrate was excreted into urine when 400 mg/kg BW L(+)-tartaric acid or sodium tartrate was orally administered to rats (WHO Food Additive Series 12: http://www.inchem.org/documents/jecfa/jecmono/v12je03.htm). It was also reported that 7-day treatment of rats with high-dose (^14^C)-labeled DL-sodium tartrate (2.73 g/kg BW) resulted in an increase in relative weight and accumulation of the compound in the kidneys (WHO Food Additive Series 12: http://www.inchem.org/documents/jecfa/jecmono/v12je03.htm). This evidence supports our speculation that tartaric acid and/or its metabolites form crystals that accumulate in the kidney in the process of urine concentration and that the crystals damage the tubules in the process of excretion, which might cause obstructive nephropathy.

Other findings from the kidneys including regeneration of the proximal tubules, mineralization, and mononuclear cell infiltration in the interstitium or from the other organs observed in all of the groups were not dose dependent, indicating that they were spontaneous or incidental lesions.

The present study is the first toxicity study conducted in accordance with current test guidelines from national/international organizations. According to the data of the present study, the no-observed-adverse-effect level (NOAEL) is judged to be 0.125% in both sexes (males, 0.075 g/ kg body weight/day; females, 0.082 g/kg body weight/day). According to an old report^[@r4]^, a large amount of tartaric acid (30 g) is lethal to humans due to tubular nephropathy. The present data indicate that DL-potassium hydrogen tartrate has inducible renal toxicity in humans exposed to a high dose. Therefore, further toxicological information for other tartrates is necessary.
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